Introduction
Inelastic neutron scattering measures dynamics in materials by determining the energy transfer between the sample and the neutron beam. Resolution limitations occur in classical techniques when the energy transfer is much smaller than the accuracy with which neutron energy can be determined (~µeV). To overcome this limitation, interferometric techniques based on the neutron spin-echo principle [1] can be used that measure directly the energy transfer at the sample.
Neutron spin-echo instruments (NSE) [1, 2] employ polarised neutrons and two magnetic field regions. According to the semi-classical description, the first region will separate the two neutron spin states and the second region will recombine them again. Inelastic scattering from a sample occurs in between the two field regions and induces a phase shift of the recombined states depending on the energy exchange of the scattering process. The distribution of the energy transfer will lead to a distribution of phases and will reduce the spin-echo amplitude for the neutron beam [3] . This principle leads to a high energy resolution in the order of neV [4] . Measurements of magnetic samples are
Theory
The MIEZE arrangement is shown schematically in figure 1. The resonant spin flippers, like the magnetic field regions in NSE, introduce a longitudinal Stern-Gerlach effect. The first spin flipper introduces a kinetic energy shift between the two spin states, which causes the neutron spin states to move out of phase as they move towards the second spin flipper. The second flipper reverses this effect by overcompensating the kinetic energy shift, hence the phase difference will decrease towards the detector plane. Finally, once the neutrons reach the detector, the phase difference should be zero for every individual neutron. This is called the focusing plane. The energy difference between the two interfering spin states manifests itself as a beating of the polarisation in time [22, 23] . When an inelastic scattering sample is placed downstream of the second spin flipper the inelastic scattering process will influence both spin states in the same way. However, as the total kinetic energy has changed, the position of the focusing plane will move away from the detector plane. The distribution of scattering energies will yield a distribution in the focusing plane position and can be measured as a reduction of the depth of the modulation pattern. The amplitude of the MIEZE signal is therefore a measure of the energy transfer between the neutrons and the sample. The sample can be placed anywhere in the instrument after the first RF flipper, even downstream of the analyser, as its position will only affect the sensitivity, since the path length from sample to the detector dictates the magnitude of the shift of the focusing plane. Hence, with this technique all inelastic scattering, both incoherent and magnetic, is determined in one measurement. This also allows MIEZE to measure samples that depolarise the beam, [24] since sample induced spin rotations are not encoded when the sample is place downstream of the analyser. 
MIEZE Condition
In a conventional MIEZE setup the RF flippers are placed in a zero field chamber so no spurious fields will distort the encoding. As shown in figure 1 , the time of flight MIEZE setup described in this work utilizes a guide field that needs to be taken into account. The MIEZE focus, derived in [2] , which indicates the detector position where the modulation of intensity is maximal, is shifted and the modified MIEZE condition is given by
Where 2 − 1 , with the guide field strength. All other parameters are defined in figure 1. If this modified condition is fulfilled, the intensity at the detector will oscillate in time with a frequency equal to . This frequency is often referred to as the modulation frequency or MIEZE frequency. In the special case, where 1 + 2 and the guide field is homogenous, this modified expression is reduced to the classical MIEZE condition, given in [22] . This special case was used in our TOF Larmor setup as the position of the flippers can easily be tuned to this condition.
Intermediate Scattering Function
In the low energy transfer limit the ratio of the MIEZE amplitude with (P sample ) and without (P 0 ) sample yields the intermediate scattering function [1] , which is the cosine Fourier transform of the scattering function:
Where is the energy transfer and the Fourier time, is given by
Thus the Fourier time can be selected by tuning the instrument parameters such as the modulation frequency, the sample -detector distance or the neutron wavelength. In time-of-flight (TOF) MIEZEa wavelength band is scanned in each TOF pulse; therefore a Fourier time range is scanned in a single pulse. Since the Fourier time is proportional to the reciprocal of the energy transfer, a large Fourier time corresponds to a good energy resolution.
TOF MIEZE Frequency Shift
TOF MIEZE has a rather unique property at its disposal, namely that the modulation frequency is shifted if the MIEZE condition (eq. 1) is not satisfied [25] . In a monochromatic approach the violation of the MIEZE condition introduces a wavelength dependent phase shift to the modulation. In time-offlight the neutron wavelength is time dependent, thus the wavelength dependent phase shift, manifests as a shift of the MIEZE frequency. Furthermore, due to the better monochromicity on time of flight setups compared to monochromatic setups the modulation amplitude drops less quickly when the detector is moved out of focus.
In the case of a misaligned setup, where the detector is displaced by a distance ΔL from the focal point the expectation value of the neutron spin in the x-direction is given by the following expression
Where ( , 0 , ) is the normalized wavelength resolution function, which is averaged over and
indicates the real part of the Fourier transform. Thus the shifted frequency is given by
This frequency shift simplifies the alignment procedure of the setup. Furthermore, it can yield additional information on non-symmetric inelastic scattering as the observed MIEZE frequency shift will have a different sign for energy gain or loss. . As a result once the MIEZE focus is found using the frequency shift technique, one can double, triple etc. the frequencies of the spin flippers, without displacing the focus.
Experimental Setup
The spin flippers used on Larmor are shown in figure 2 , these consist of a copper shielded longitudinal solenoid which generates the RF field and an electromagnet with soft iron pole shoes which allow static magnetic fields up to ~120 mT. The design of these RF flippers is very flexible as they can be operated in a gradient (or adiabatic) flipper mode [28, 26] and also a resonant flipper mode [9, 23] . The latter is used for the experiments described in this paper due to the lower power consumption and the large band of useable flipper frequencies using direct RF amplifier drive from 35 kHz to 3MHz (with no resonant circuit needed). When used in time of flight mode the RF amplitude of a resonant flipper must be modulated using a 1/t function to match the exact π-flip for all wavelengths, where t is the time-of-flight from the source to the respective flipper. This ensures a high flipping efficiency [29] (>99%), over a wavelength range from 2.5 Å to 13.5 Å.
Figure 2 Picture of an RF spin flipper used by the Larmor instrument. This spin flipper has soft iron pole shoes to generate the required static magnetic field and a longitudinal RF coil to create the oscillating field. Furthermore the flipper has a gradient coil (not used in this experiment), which can be used to produce an adiabatic RF spin flip. The yoke pole shoe configuration can be translated and rotated on the table, thus allowing for both tilted and straight field regions. The latter is required for MIEZE, while the former is used in SESANS and SEMSANS. A vacuum exists within the flight tube to minimize air scattering.
Each RF flipper is operated at four different frequencies (c.f. [31, 32] . Such a detector has a sampling rate up to 100 MHz. Furthermore it has a 2D spatial sensitivity with a pixel size of 0.8 mm 2 , allowing for a spatial analysis of the MIEZE signals, which is useful for determining the spatial field homogeneity of the spectrometer. Note that one cannot measure the instantaneous polarisation as it varies in time, rather one measures the average polarisation over the sampling time interval and the detector area.
This averaged polarisation is equal to the visibility, which is defined as
with the maximum intensity and the minimum intensity of the oscillations [33] . Figure 3 shows the MIEZE signals for various modulation frequencies. The MIEZE frequency shift (figure 5) due to the detector displacement was measured using a CASCADE detector and can be described well (within error) using eq. 5. 
Results

Discussion
The This is not optimal for weak signals that occur at specific points in q space. The detector area and its efficiency are too small to measure dynamics of isotropic scatterers, thus for the time being anisotropic samples (i.e. diffraction) would be better candidates for TOF MIEZE on Larmor.
Depolarising samples in particular, as it is more challenging to characterize them using classical neutron spin echo. A resolution of 5ns is sufficient for most magnetic samples [18] , hence lower MIEZE frequencies (i.e. 100 kHz-400 kHz) are most applicable to these situations. Furthermore the 103 kHz (and lower) mode could also be used with the SANS 3 He based detector on Larmor, which would enable MISANS measurements [34] . This 3 He based detector would also yield a larger efficiency enabling measurements of quasi-elastic scattering from samples such as water. Due to the lower time resolution of this detector the modulation frequency would have to be below 100 kHz. 
